Copepod nauplii are the primary food item for early-stage marine fish larvae, but their feeding selectivity on the nauplii of different copepod species has not been well studied. This study revealed feeding selectivity in the dominant preflexion larvae of three fishes Sebastiscus marmoratus, Sebastes sp. and Ammodytes japonicus in the Seto Inland Sea, Japan, in spring and winter. Copepod nauplii and eggs numerically constituted 80-91% of the prey items in their guts. Chesson s preference index for the nauplii of various copepod species was positive for Calanus sinicus and Paracalanus parvus sensu lato, negative for Acartia omorii, and negative or neutral for Oithona similis. This result is probably attributable to the size and swimming behavior of the prey species. The preference index in A. japonicus larvae was not significantly different between the nauplii of different species, suggesting that the larvae are less selective than the other two fishes. The preference index for Calanus eggs was very high, especially in Sebastiscus marmoratus and Sebastes sp., and most of the eggs in the guts were shrunken, probably due to digestion. In terms of volume, C. sinicus nauplii and eggs in gut contents represented 36-72% of total copepod nauplii and >80% of total copepod eggs, respectively, because of high selectivity by fish larvae and their large individual volumes compared with the dominant copepods. This indicates that C. sinicus is the most important prey species for early fish larvae despite their low abundance in the environment.
Introduction
Copepods constitute a major prey resource for various marine fish larvae, of which the survival and recruitment have been the focus of studies on commercial fish species in relation to the spatiotemporal heterogeneity of copepod abundance (Kane 1984 , Peterson & Ausubel 1984 , Hirakawa et al. 1997 , Takatsu et al. 2002 . Studies that successfully identified copepods to the species level have shown that fish larvae feed selectively on different copepod species and that the selectivity depends on fish species and fish size (Checkley 1982 , Kane 1984 , Govoni et al. 1986 , Hansson et al. 1990 , Van Ginderdeuren et al. 2014 .
Copepod nauplii are the predominant prey items for the early-stage larvae of most marine fishes (Hunter 1981 , Houde & Lovda 1984 , Nagano et al. 2001 . Compared with studies on fish larvae that feed on post-naupliar copepods (i.e. copepodids), however, there have been fewer studies that have distinguished the species of copepod nauplii in the gut contents of fish larvae. Gut contents of larvae of the Japanese anchovy Engraulis japonicus Temminck & Schlegel, 1846 in Toyama Bay, central Japan, suggested non-selective (i.e. opportunistic) feeding on the nauplii of various copepod species, because the larvae fed mainly on Oithona spp. nauplii and Paracalanus-type nauplii with the composition of copepod nauplii in the diets closely matching that in the plankton assemblage (Hirakawa et al. 1997) . A similar opportunistic feeding pattern was observed for larvae of the Pacific cod Gadus macrocephalus Tilesius, 1810 in Mutsu Bay, northern Japan (Takatsu et al. 2002) , in which the larvae fed mostly on the dominant taxa of copepod nauplii in the environment.
In contrast to these observations, selective feeding on certain species of copepod nauplii by fish larvae was suggested for the Atlantic mackerel Scomber scombrus Linnaeus, 1758 in Long Island Sound, USA (Peterson & Ausubel 1984) . Gut contents of the larvae 4.5 mm in length, which fed primarily on copepod nauplii, indicated that their feeding selectivity was positive for Temora longicornis (Müller O.F., 1785) and Pseudocalanus sp. but negative for Acartia hudsonica Pinhey, 1926 . Feeding on copepod nauplii by larvae of the American sand lance Ammodytes americanus DeKay, 1842 in Long Island Sound was also selective in the field, where they selected for T. longicornis nauplii and against A. hudsonica nauplii, while they exhibited non-selective feeding in the laboratory (Monteleone & Peterson 1986 ). Thus, it is still uncertain whether feeding habits of fish larvae are generally opportunistic or selective on the nauplii of different species of copepods.
The present study analyzes feeding selectivity of the dominant early-stage larvae of three fishes on the nauplii of different copepod species in the Seto Inland Sea, western Japan, in winter and spring, by comparing prey items in their guts with those in the field. Discussion is focused on the reason why the nauplii of some copepod species are selected for by fish larvae and which copepod species is most important as a food resource for early fish larvae.
Materials and Methods
Sampling for fish larvae was carried out at 33.96°N, 132.72°E in the western Seto Inland Sea ( (Ueda & Yoshimura 1992) , which had been enlarged to 12 L water volume from the original design (2.3 L). Ten liters of each water sample were filtered with a sieving net with a 37 µm mesh aperture, and plankton was fixed in 2% formalin-seawater immediately after collection from each layer.
The surface water temperature and salinity at the collection site measured with a CTD (model AST500-P, Alec Electronics, Japan) were 13.2°C and 33.0 on 18 April 2005, and 10.5°C and 33.8 on 21 February 2006, respectively. The differences in temperature and salinity between the surface and 20 m depth were 0.9°C and 0.05 on 18 April 2005, and 0.1°C and 0.07 on 21 February 2006, respectively, indicating that the water was well-mixed throughout the sampling layer.
All fish larvae were sorted from the samples and species were identified. The target fish larvae in the present study were the marbled rockfish Sebastiscus marmoratus (Cuvier, 1829) (Mitsuzawa A., unpublished data) . Larvae in the preflexion stage, the second stage of fish larvae following the yolk-sac stage (Kendall et al. 1984) , were used for gut content analyses, because feeding habits of early-stage larvae are considered essential for their survival and recruitment but yolk-sac larvae were limited in the samples. The numbers of preflexion larvae used were 89 for S. marmoratus, 34 for A. japonicus, and 92 for Sebastes sp. Their notochord length was measured with the aid of an ocular micrometer attached to a stereo microscope. Then guts were dissected in glycerin and prey items were counted.
Copepod nauplii in the guts were identified to the lowest possible taxonomic level by referring to Koga (1984) . In the present samples, generic identification of the nauplii was not difficult in most cases because they belonged to the genera of the three dominant species, i.e. Paracalanus, Acartia, and Oithona, which have nauplii that are easily distinguishable from each other. The nauplii were identified to the dominant species, because no other species in the same genera were found as adult or late copepodid stages in the present plankton samples. Immature copepodids (C1-C5) were identified by morphological similarity to adult copepods (C6). Copepod eggs were not identified to species level, except for the calanoid copepod Calanus sinicus Brodsky, 1962, which was identified by a laboratory hatching experiment on eggs collected from the study site. Zooplankton, other than tintinnids, in the plankton samples were identified to the same taxonomic levels as those in the larval guts and were enumerated from a whole sample; tintinnids were not collected quantitatively because the mesh aperture of the sieving net was too large to collect the dominant species of small tintinnids, such as Stenosemella spp. and Tintinnopsis spp.
To obtain the naupliar volume ratio for the dominant species, carapace lengths and widths were measured for 10 randomly-selected individuals, of which five were caught on 18 April 2005 and five on 21 February 2006, from each naupliar stage (N1-N6) of each species. This was done under a biological microscope with the aid of an ocular micrometer. The individual naupliar volume of Oithona was calculated assuming an ellipsoid body. The naupliar body of Calanus and Paracalanus consists of the anterior region covered with a carapace, which was assumed to have an ellipsoid shape, and the well-developed posterior region produced out of the carapace. Napp et al. (1999) estimated that the volumes of the posterior region of Pseudocalanus and Metridia nauplii, for which the body shapes are similar to Calanus and Paracalanus nauplii, were 14.2 and 15.3%, respectively, of the whole body volume. These ratios, converted to the volume ratio of the whole body to the anterior region, come to approximately 1.2. This ratio was applied to calculation of the prey volume ratio in the larval guts.
Chesson s preference index α (Chesson 1983 ) was used to evaluate the feeding selectivity on each prey item. The index is calculated as
where r i and p i are the proportional numerical abundances of prey item i in the larval gut and the field, respectively, and m is the number of prey item taxa. The index ranges from 0 to 1 and indicates positive preference when α>1/m. The index for a prey item was calculated for each individual larva and averaged for each fish species. Larvae that had no prey items in their guts were excluded from this calculation. Significant difference in the index among prey items was analyzed by the Steel-Dwass non-parametric multiple comparison test using add-in software Excel Statistic 2012 ® (Social Survey Research Information Co., Ltd., Tokyo, Japan).
Results

Prey items in guts of fish larvae
Of 215 preflexion larvae examined, only three (Sebastes sp.) had empty guts, suggesting sufficient prey concentrations and feeding conditions at the study site. Prey items consisted of tintinnids, copepod nauplii, copepodids, copepod eggs, and others (Table 1) . Copepod nauplii and eggs were most abundant, with the ratio that these comprised of the total gut contents of the three fishes being 80-91%.
The relative prey compositions of Ammodytes japonicus and Sebastes sp. were similar to each other. Copepod nauplii were the primary prey items, constituting 72.4 and 72.6% of total items in A. japonicus and Sebastes sp., respectively, followed by copepodids (15.9 and 11.8%) and copepod eggs (7.3 and 11.4%). The prey composition of Sebastiscus marmoratus was markedly different, being composed primarily of eggs (54.1%) and secondarily of copepod nauplii (37.0%), probably due to the different zooplankton composition on 18 April 2005 from that on 21 February 2006 when the other two fishes were collected.
No copepodids occurred in the guts of S. marmoratus larvae, with the exception of the largest individual, which had eaten one Oithona similis Claus, 1866 copepodid. Compared with copepod nauplii, tintinnids were much more infrequently eaten by preflexion larvae in all three species. Paracalanus parvus (Claus, 1863) sensu lato (s. l.) nauplii were the most abundant species preyed upon, representing 55.7% of copepod nauplii for Sebastiscus marmoratus, 47.6% for A. japonicus, and 58.7% for Sebastes sp. (Table 1 ). The second most abundant nauplii were those of O. similis for A. japonicus and Sebastes sp. The mean number of Calanus sinicus nauplii was nearly the same (0.5-0.7 nauplii per gut) in all three fishes. Nauplii of the other species mainly belonged to the Oncaeidae and Oithonidae, being smaller than O. similis nauplii, and they were more frequently eaten by S. marmoratus than by the other two fishes.
Calanus sinicus eggs frequently occurred in larval guts, especially in Sebastiscus marmoratus larvae (1.8 eggs per gut and 79.8% feeding incidence). The inner tissue of these eggs was usually shrunken to various degrees (Fig. 2) . Such shrunken eggs were never found in the zooplankton samples. Most of the smaller copepod eggs were probably Acartia omorii Bradford, 1976 and P. parvus s. l., judging from their spherical shape and size (70-80 µm in diameter) . No clustered eggs of O. similis were found in any of the larval guts. The smaller eggs were the dominant prey items of S. marmoratus larvae, comprising about one third of the total prey items. 
Chesson s preference index
The mean values of Chesson s preference index (α) indicated that positively selected prey items (α>0.08) were largely similar among the three fish species, although differences were found between Sebastiscus marmoratus and the other two fishes, probably due to the different sampling dates (Fig. 3) . Concretely, the index in S. marmoratus was positive for other nauplii and extremely negative for Acartia omorii nauplii and all copepodids, while the index in the other fishes differed for these items. All three fishes preferred Calanus sinicus nauplii, Paracalanus parvus s. l. nauplii, C. sinicus eggs, and other smaller eggs. The index values for C. sinicus eggs were very high, especially in Sebastiscus marmoratus (0.36) and Sebastes sp. (0.31). Among the four common copepod nauplii in the field (Table 2) , C. sinicus was most positively selected (0.14-0.22) and A. omorii was most negatively selected (0.00-0.03). The low preference index for A. omorii compared with P. parvus s. l. and Oithona similis was also observed in copepodids. The index values for O. similis nauplii were negative or neutral. Since the preference indices varied greatly among individual larvae, significant differences in the indices among the 12 prey item types were statistically tested and the results for the six main prey items are shown in Table 3 . For copepod nauplii, the difference between Calanus sinicus and Paracalanus parvus s. l. was not significant for any of the fishes, but the index values for C. sinicus and P. parvus s. l. were significantly higher than those for Oithona similis and Acartia omorii in Sebastiscus marmoratus and Sebastes sp. larvae, indicating that these rockfish larvae are selective feeders, preferring these copepod nauplii. In contrast, no significant differences in feeding preferences were detected between the nauplii of different copepod species in Ammodytes japonicus larvae, indicating that the larvae are less species-selective feeders on copepod nauplii.
Sebastiscus marmoratus and Sebastes sp. larvae significantly preferred Calanus sinicus eggs to all copepod nauplii, except for C. sinicus nauplii in Sebastes sp. larvae, and to other smaller eggs (Table 3 ). The preference index of Ammodytes japonicus for C. sinicus eggs was also significantly higher than index values for Acartia omorii and other copepod nauplii, but not significantly different from those for the other nauplii and eggs.
Size of copepod nauplii
Nauplii of Calanus sinicus, Paracalanus parvus s. l., and Oithona similis exhibited almost linear growth throughout their development (Fig. 4) . Mean carapace sizes (and ratios) of all naupliar stages of these species were 309, 128, and 67 µm (100 : 41 : 54) in length and 185, 73, and 85 µm (100 : 40 : 46) in width, respectively. From these length ratios, the volume ratio of their individual bodies was calculated as 120.0 : 7.9 : 11.4 in C. sinicus, P. parvus s. l., and O. similis, respectively, by multiplying the carapace length ratio, the second powered width ratio and, for C. sinicus and P. parvus s. l., the volume ratio (1.2) of the whole body to the anterior region.
Discussion
Feeding selectivity on the eggs and nauplii of different copepod species
The present study revealed that feeding selectivity of the three dominant preflexion fish larvae on the nauplii of different copepod species was positive for Calanus sinicus and Paracalanus parvus s. l., and negative or neutral for Oithona similis and Acartia omorii. Feeding of Sebastiscus marmoratus and Sebastes sp. larvae was significantly more selective on C. sinicus and P. parvus s. l. nauplii than on the nauplii of the other two species of copepod. The positive index for C. sinicus nauplii, in which the body is much larger than in the other three species, is probably explained by prey-size selection, which is known as a major determinant of selection in fish larvae (Lasker 1981) . In contrast, body size is unlikely to have led to the significant difference in selection for the two dominant copepod species nauplii in the field, P. parvus s. l. and O. similis, because their body sizes are similar.
Another factor affecting feeding selectivity is probably the motility of nauplii, which is often a determinant in the ability of a species to avoid predation. A high ability to avoid capture by fish larvae has been suggested for Oithona similis copepodids, for which cod and haddock larvae showed negative selectivity (Kane 1984) . Swimming behavior of copepod nauplii is crudely divided into jump-sink and smooth gliding swimming strategies, and it is hypothesized that the type of naupliar motility behavior represents a trade-off between finding food and avoiding predation (Titelman & Kiørboe 2003) . Because most early calanoid nauplii display a jump-sink behavior and most calanoid copepods do not eat until the second or third naupliar stage, the jump-sink behavior is considered to be a strategy for predator avoidance (Titelman & Kiør-boe 2003) . As for the present species, naupliar swimming of Paracalanus parvus s. l. is smooth (Paffenhöfer et al. 1996) and that of O. similis is jump-sink (Gauld 1959) . Therefore, the difference in their motility is probably a reason why rockfish larvae preferred P. parvus s. l. nauplii over O. similis nauplii. The strongly negative preference of the three fish larvae for Acartia omorii nauplii can also be explained by the latter's frequent jump-sink behavior throughout the naupliar stage, which was also observed for Acartia tonsa Dana, 1849 nauplii (Titelman & Kiørboe 2003) . Negative feeding preference for Acartia hudsonica nauplii was also observed for American sand lance larvae (Monteleone & Peterson 1986) .
Copepod eggs were commonly eaten by the preflexion larvae, especially of Sebastiscus marmoratus. Predominance of copepod eggs in the diets of fish larvae has been reported for various fish species, such as Atlanto-Scan- Table 3 . Matrix of the differences (A minus B) in Chesson s preference index for the nauplii and eggs of different copepod species. ** and * : significant at p<0. 01 and p<0.05, . Abbreviations as in Fig. 3 . dian herring (Bjørke 1976) , the haddock Melanogrammus aeglefinus (Linnaeus, 1758) , the Atlantic cod Gadus morhua Linnaeus, 1758 (Kane 1984) , and the glacier lanternfish Benthosema glaciale (Reinhardt, 1837) (Sabatés et al. 2003) . Among these fish larvae, strong positive selectivity has been reported for Atlantic cod and haddock larvae (Kane 1984) and Atlanto-Scandian herring larvae (Bjørke 1976) . In the two rockfish species larvae investigated in the present study, the preference indices for Calanus sinicus eggs were significantly higher than for copepod nauplii, except for C. sinicus nauplii in Sebastes sp. The preference for copepod eggs over copepod nauplii is presumably partly due to the dark opaque coloration of eggs, since it has been suggested that prey visibility is a factor influencing feeding selection by visual planktivorous predators (Zaret & Kerfoot 1975 , Vuorinen 1987 . The size of C. sinicus eggs was approximately 160 µm in diameter (without integumentary membrane), which was much larger than the other smaller eggs in the environment (about 60-80 µm). Hence, prey-size selection is likely responsible for the significantly higher preference for C. sinicus eggs rather than the smaller eggs.
Sebastiscus marmoratus
Dietary contribution of copepod nauplii and eggs
The relative dietary importance of the dominant nauplii species for fish larvae was estimated based on the naupliar volume ratios in the guts, which were calculated from the individual naupliar volume ratios and the mean numbers of nauplii in the guts (Table 4) . For this calculation, the ratios of the individual naupliar volume in Acartia omorii and the other copepods, most of which were Oncaeidae and Corycaeidae, were assumed to have the same values as Oithona similis and Paracalanus parvus s. l. nauplii, respectively, because they were comparable in size in the present samples. The volumetric ratios of Calanus sinicus nauplii to total copepod nauplii in guts were 72% for Sebastiscus marmoratus, 36% for Ammodytes japonicus, and 60% for Sebastes sp. These values were the highest of the dominant copepod nauplii, indicating that C. sinicus nauplii were the most important prey items for preflexion larvae of these fish species, despite their low density in the field compared to the smaller copepod nauplii.
There have been several studies indicating that copepod eggs are not digested in the guts of fish larvae. For example, 21-94% of the subitaneous eggs of copepods have been reported to pass through the guts of the turbot Scophthalmus maximus (Linnaeus, 1758) larvae and still be viable without being digested (Conway et al. 1994) . Digestion resistance of copepod eggs collected from fish feces was also reported for Eurytemora herdmani Thompson I.C. & Scott A., 1897 eggs in Atlantic silverside (Redden & Daborn 1991) , E. affinis (Poppe, 1880) eggs in Baltic herring (Flinkman et al. 1994) , and eggs of Eudiaptomus spp. and two cyclopoid species in perch and three-spined stickleback (Bartholmé et al. 2005) . These copepods are all egg-carriers and therefore the eggs found in the fish feces are considered to have been swallowed together with the ovigerous females.
Calanus sinicus and most of the smaller copepods in the present study are free-spawners. Their eggs are considered to have been eaten as food rather than swallowed accidentally. If such copepod eggs are not digested by fish larvae, their habit of feeding selectivity on copepod eggs would seem to be contradictory, because undigested eggs would be obstacles to feeding and digesting other nutritive food items. Unfortunately the status (intact or digested) of copepod eggs in larval guts was not quantitatively recorded in this study, but the internal tissues of most of the C. sinicus eggs that were observed were more or less shrunken. A similar phenomenon was observed for copepod (Calanus and Pseudocalanus) eggs in the guts of larval haddock (Kane 1984) , which were mostly (ca. 90%) in various stages of digestion. A detailed observation of digested copepod eggs was reported from the guts of Atlanto-Scandian herring larvae (Bjørke 1976) , in which Calanus eggs constituted in number 91.7% of the prey items in the gut contents and one third of them were empty shells, with a low percentage (3.3%) of undigested eggs in the rectum. These observations and the present results on the preponderance of C. sinicus eggs in larval fish guts apparently indicate that Calanus eggs were being digested by the fish larvae. This implies that Calanus eggs are less resistant to digestion by fish larvae than those of egg-carrying copepods.
Since the diameter of Calanus sinicus eggs (ca. 160 µm) is about twice as large as that of the other copepod eggs observed in the present study, the volume of the former is Table 4 . Individual volume ratio (IVR) to Calanus sinicus nauplii, and the percent ratios of the mean numerical (NR) and volumetric (VR) abundances of the nauplii of different copepod species to the total copepod nauplii in gut contents of preflexion-stage fish larvae. NR is calculated from the data in Table 1 eight times greater than the latter. Accordingly, the volumetric abundance ratios of C. sinicus eggs vs. total copepod eggs, calculated from the numerical abundances in the gut contents, were roughly estimated as >80% for all fish species, even Sebastiscus marmoratus larvae, which fed on much smaller eggs than those of C. sinicus. Thus, C. sinicus was the most important species in terms of a food resource for early fish larvae, not only during the naupliar stages but also as eggs.
